Abstract The aim of this study was to develop reference ranges for total and appendicular lean mass measured using dual-energy X-ray absorptiometry (DXA) from a randomly selected population-based sample of men and women residing in southeastern Australia. Men (n = 1,411) and women (n = 960) aged 20-93 years, enrolled in the Geelong Osteoporosis Study, were randomly selected from the Barwon Statistical Division using the electoral roll as a sampling frame in 2001-2006 (67 % participation) and 1993-1997 (77 % participation), respectively. Using DXA (Lunar DPX-L or Prodigy Pro) at baseline for men and at the 10-year follow-up for women (2004)(2005)(2006)(2007)(2008), total and appendicular lean mass were measured. Means and standard deviations for each lean mass measure (absolute and relative to height squared) were generated for each age decade, and cutpoints equivalent to T scores of -2.0 and -1.0 were calculated using data from young adult men and women aged 20-39 years. Young adult reference data were derived from 374 men and 308 women. Cutpoints for relative appendicular lean mass equal to T scores of -2.0 and -1.0 were 6.94 and 7.87 kg/m 2 for men and 5.30 and 6.07 kg/m 2 for women. The proportions of men and women aged C80 years with a T score less than -2.0 were 16.0 and 6.2 %, respectively. These reference ranges may be useful for identifying lean mass deficits in the assessment of muscle wasting and sarcopenia.
Introduction
The availability of population-specific reference data for lean mass may improve the assessment of the age-and illness-related muscle wasting that contributes to sarcopenia and cachexia, respectively. In 2010, the European Working Group on Sarcopenia in Older People (EWGSOP) proposed diagnostic criteria, which included the assessment of lean mass and muscle function against young adult reference standards [1] ; however, few reference data for these domains of sarcopenia, including lean mass, exist. Proposed criteria for the assessment of cachexia also address the importance of assessing muscle strength and lean mass as well as other factors, including weight loss, fatigue, and relevant biomarkers [2] .
Lean mass can be estimated using computed tomography (CT), magnetic resonance imaging (MRI), bioelectrical impedance analysis (BIA), and dual-energy X-ray absorptiometry (DXA). CT and MRI estimates of the cross-sectional area of skeletal muscle, free of interstitial adipose tissue, correlate very highly with direct measurements from cadavers (r = 0.97 for both imaging techniques) [3] . Lean mass measured by DXA is a composite of nonfat and nonbone tissue and is highly correlated with skeletal muscle mass measured using MRI technology (r = 0.94 for the total body and 0.91 and for the leg) [4] . Although CT and MRI are considered criterion methods for measuring skeletal muscle mass or body composition in general, DXA may be more appropriate for research and clinical practice because of its comparatively lower cost, accessibility, and lower radiation dose [1, 5] .
Reference data for lean mass measured using DXA exist for white populations with mixed-European origin in the United States [6] and for specific European populations [7] [8] [9] , but the extent of their generalizability is not known. Country-or population-specific reference data developed in defined populations may help to improve the validity of muscle wasting assessment. The aim of this study was to develop reference data for total and appendicular lean mass (absolute and relative to height squared) measured using DXA in population-based randomly selected men and women residing in southeastern Australia.
Methods

Study Participants
This study utilized cross-sectional data collected by the Geelong Osteoporosis Study (GOS) at the baseline assessment for men (2001) (2002) (2003) (2004) (2005) (2006) ) and the 10-year assessment for women (2004) (2005) (2006) (2007) (2008) , baseline assessments occurred in [1993] [1994] [1995] [1996] [1997] . At baseline for the male and female cohorts, at least 100 individuals in each 5-year age group between 20 and 69 years and 200 individuals in the age groups 70-79 and C80 years were randomly selected from the Barwon Statistical Division in southeastern Australia using the electoral roll as a sampling frame. Of 2,296 men who were eligible for inclusion in the study, 1,540 agreed to participate (67 % participation); 1,494 of 1,938 eligible women participated in the study at baseline (77 % participation). An additional 221 women aged 20-29 years on the 2005 electoral roll were randomly selected using the sampling procedure described above at the 10-year follow-up for women. A detailed background to the GOS has been published [10] . At least 99 % of men and women participating at the baseline assessments of the GOS were Caucasian [11, 12] . Further information about attrition rates at follow-up for the GOS is available elsewhere [10] . The study was approved by the Barwon Health Human Research Ethics Committee, and all participants gave their informed consent.
Individuals bilaterally affected by objects or devices such as prostheses, plates, screws, silicone implants, pacemakers, or plaster casts were not included in analyses. Small pieces of jewelry attached to the hands or head, finger amputations, dental work, and hearing aids (or other reasons that may have affected the scan of the head) were ignored. Individuals were also excluded from analyses if (1) their weight was C120 kg (the weight limit of the DXA scanners), (2) both sides of their body (not including their feet) were incompletely scanned (e.g., they were too large), (3) one side of their body was incompletely scanned and the opposite side was affected by objects or devices, or (4) they did not provide a total-body scan (e.g., they could not assume the correct position). Participants were not excluded based on any other criteria relating to their health status.
Of the 1,540 men recruited at baseline, 1,467 were scanned using DXA to estimate their body composition. Analyses excluded 56 men: 6 were missing body composition data for the total body, 21 weighed C120 kg, 19 were bilaterally affected by objects or devices, 2 were unilaterally affected by an object or device and the opposite side of their body was incompletely scanned, and 8 did not have a complete scan for both sides of their body. In analyses for women, 1,071 of 1,715 (including 1,494 women who participated at baseline and the 221 young women subsequently recruited) underwent a DXA scan at the 10-year follow-up assessment. Our analyses excluded 111 women: 21 did not provide body composition data for the total body, 12 weighed C120 kg, 30 were bilaterally affected by objects or devices, 2 were unilaterally affected by an object or device and the opposite side of their body was incompletely scanned, and 46 did not have a complete scan for both sides of their body.
Body Composition and Anthropometry
Consistent with the approach used by Baumgartner [13] , lean mass measurements for both arms and legs were summed to give an estimate of appendicular lean mass; total-body lean mass was a composite of lean mass values for the arms, legs, trunk (including the neck), and head. Men and women were initially scanned with a DPX-L scanner (software version 1.31; Lunar, Madison, WI, USA) until it was replaced with a Prodigy Pro (Lunar). Of the 1,411 men included in analyses, 517 were scanned with the DPX-L and 894 with the Prodigy. Of the 960 women included in analyses, 57 were scanned with the Prodigy. We have previously shown that there is no difference in bone mineral density measured at the lumbar spine or femoral neck in individuals scanned with both the DPX-L and Prodigy DXA scanners [12] . The coefficients of variation for total lean mass were 1.97 % for the DPX-L and 0.85 % for the Prodigy.
For individuals who were unilaterally affected by objects or devices or who had an incomplete scan for one side of their body, total and appendicular lean mass measures were derived by doubling values for the unaffected side of their body. This affected 111 men (56 with unilateral objects or devices) and 104 women (32 with unilateral objects or devices).
Both height (±0.1 cm) and weight (±0.1 kg) were measured, but weight derived from participants' total-body DXA scan (a composite of their total fat mass, lean mass, and bone mineral content) was used in analyses.
Statistical Analyses
Men and women were analyzed separately. Relative total and appendicular lean mass were calculated for each individual by dividing lean mass values in kilograms by the square of height in meters. Relative appendicular lean mass is equivalent to the skeletal muscle mass index used by Baumgartner [13] . Gender-specific means and standard deviations for absolute and relative total and appendicular lean mass were calculated for all adults and for a young adult reference sample aged 20-39 years. Cutpoints were calculated using young adult reference data and were equal to a T score of -2.0 and -1.0 (the number of standard deviations below the young adult reference mean). The proportions of men and women within each 10-year age group with T scores less than -2.0, equal to or between -2.0 and -1.0, or greater than -1.0 were calculated.
Associations between absolute total and appendicular lean mass and each of the covariates age, height, and weight were examined using linear regression. Age, weight, and height were centered around the mean for the group before examination in models. The likelihood ratio test was used to determine whether the association between each absolute lean mass measure and age, weight, and height was linear or nonlinear by comparing the fit of models with and without squared terms; p \ 0.05 was considered evidence of a nonlinear relationship. All regressions for absolute total and appendicular lean mass including covariates and their squares were explored. The selection of parsimonious models for absolute total and appendicular lean mass for men and women was based on maximizing the coefficient of determination (R 2 ) while minimizing each of the Mallows' Cp statistic, standard error, and the number of covariates in the multivariable models. Whether linear regression models satisfied the assumptions of linear regression was determined by examining the residuals for normal distribution using quantile-quantile plots and the variance of residuals when plotted against the predicted values. Relationships between covariates and absolute total and appendicular lean mass were displayed as scatterplots with 95 % prediction intervals. All statistical analyses were performed using Stata version 11.2 (StataCorp, College Station, TX, USA).
Sensitivity Analyses
Reference ranges were recalculated after excluding individuals whose total and appendicular lean mass values were derived by doubling measurements for one side of their body and those who were 190 cm or taller to account for those whose feet may not have been captured in the total-body scan. Linear regression models for total and appendicular lean mass were also reexamined using these smaller samples. For these two sensitivity analyses a total of 135 men and 104 women were excluded. Of the excluded men, 29 were 190 cm or taller, 111 had lean mass measures derived by doubling the unaffected side of their body, and 5 had both. Of the excluded women, all had derived lean mass measures only. In separate sensitivity analyses linear regression models were reexamined using individuals' measured weight as opposed to that derived from their total-body DXA scan.
Results
Characteristics of the study participants are shown in Table 1 . Young adult reference data were generated in 374 men and 308 women aged 20-39 years. These data, together with cutpoints equivalent to T scores of -2.0 and -1.0 for absolute and relative total and appendicular lean mass derived from young adult men and women are displayed in Table 2 . Gender-specific means and standard deviations for absolute and relative lean mass measures by 10-year age group are displayed in Tables 3 and 4 , respectively. Both absolute lean mass measures appeared to decrease from 30 to 39 years in men and from 20 to 29 years in women (Table 3 ). In men, both relative lean mass measures increased with age up to 40-49 years and then steadily decreased. In women, relative total lean mass increased with age while relative appendicular lean mass remained relatively stable until both decreased after *50-59 years (Table 4 ). The proportions of men and women by 10-year age group with relative appendicular lean mass within defined T score categories (i.e., T scores less than -2.0, equal to or between -2.0 and -1.0, or greater than -1.0) are listed in Table 5 .
The likelihood ratio test was used to determine whether univariable relationships between absolute lean mass measures and covariates were linear or nonlinear. For men and women the relationship with each lean mass measure was nonlinear for age ( Fig. 1 ) and linear for height (Fig. 2) . The relationship between weight and appendicular lean mass was nonlinear in men and linear in women; for total lean mass the relationship with weight was linear for both genders (Fig. 3) . In men, age explained 16.3 % of the variance in total lean mass and 26.4 % of the variance in appendicular lean mass. Corresponding values were lower in women, with age explaining 11.9 % of the variance in total lean mass and 15.5 % of the variance in appendicular lean mass (Table 6 ). In men and women, weight and height each explained more of the variance in lean mass measures than age alone (Table 6) . Parsimonious multivariable models for absolute total and appendicular lean mass for men and women included age, weight, and height; overall Table 2 Young adult (20-39 years) reference data for absolute (kg) and relative (indexed to height squared, kg/m 2 ) total and appendicular lean mass and cutpoints equivalent to T scores of -1.0 and -2.0 T score = -1.0, lean mass value 1 SD below the young adult reference mean; T score = -2.0, lean mass value 2 SDs below the young adult reference mean SD standard deviation these variables explained 76.5 and 75.6 % of the variance in total and appendicular lean mass in men and 67.0 and 70.9 % in women, respectively ( Table 6 ). The distributions of residuals for models displayed in Table 6 were approximately normal and their variances relatively constant across predicted values (data not shown).
Sensitivity Analyses
Mean total and appendicular lean mass values (± standard deviation) for men (n = 1,276) were 57.5 ± 6.8 and 26.0 ± 3.7 kg; values for women (n = 856) were 39.1 ± 4.2 and 17.6 ± 2.3 kg, respectively. Mean relative total lean mass for men was 18.9 ± 1.7 and 8.5 ± 0.9 kg/ m 2 for relative appendicular lean mass; values for women were 14.8 ± 1.2 and 6.7 ± 0.7 kg/m 2 , respectively. Young adult reference data were generated in 347 men and 276 women aged 20-39 years. Mean absolute total lean mass in young adult men was 59.4 ± 6.8 and 27.8 ± 3.6 kg for absolute appendicular lean mass; values for the relative measures were 18.8 ± 1.7 and 8.8 ± 0.9 kg/m 2 , respectively. Mean absolute total lean mass in young adult women Less than -2.0, relative appendicular lean mass (ALM) more than 2 SDs below the young adult reference mean; -2.0 to -1.0, relative ALM equal to or between 1 and 2 SD below the young adult reference mean; greater than -1.0, relative ALM\1 SD below the young adult reference mean a Percentages may not add up to 100 due to rounding error Fig. 1 The association between age and appendicular and total lean mass for men (a, b) and women (c, d). Regression line (solid) and 95 % prediction interval (dashed), regression equations (age has been centered around the mean of 55.5 years for men and 51.2 years for women), and adjusted R 2 values shown. ALM appendicular lean mass, LM total lean mass was 40.2 ± 4.2 and 18.3 ± 2.3 kg for absolute appendicular lean mass; values were 14.7 ± 1.2 and 6.7 ± 0.6 kg/m 2 for the relative measures, respectively. The values were similar (although slightly lower in some cases) to those generated in all young adult men and women regardless of how their body composition values were derived; the same was true for the distribution of absolute and relative total and appendicular lean mass values by 10-year age group (results Fig. 2 The association between height and appendicular and total lean mass for men (a, b) and women (c, d). Regression line (solid), 95 % prediction interval (dashed), regression equations (height has been centered around the mean of 174.8 cm for men and 162.3 cm for women), and adjusted R 2 values shown. ALM appendicular lean mass, LM total lean mass Fig. 3 The association between weight and appendicular and total lean mass for men (a, b) and women (c, d). Regression line (solid), 95 % prediction interval (dashed), regression equations (weight has been centered around the mean of 82.0 kg for men and 69.4 kg for women), and adjusted R 2 values shown. ALM appendicular lean mass, LM total lean mass not shown). For men, the exclusion of individuals who were 190 cm or taller and whose body composition was doubled did not markedly change prevalence estimates, but the estimates for women appeared greater.
A sensitivity analysis that reexamined linear regression models for absolute total and appendicular lean mass in only those men and women who were \190 cm tall and who did not have their body composition doubled had no apparent effect on the nonlinear relationship between each absolute lean mass measure and age or on the selection of parsimonious models (results not shown). The univariable relationship between both lean mass measures and weight and height in men and women was unchanged in sensitivity analyses. A separate sensitivity analysis that reexamined models for absolute lean mass measures using participants' measured weight as opposed to that derived from their DXA scan also had no effect on univariable models or on the selection of parsimonious models (results not shown), but the relationship between measured weight and absolute total lean mass was nonlinear rather than linear in men.
Discussion
This study provides gender-specific reference data for absolute and relative total and appendicular lean mass measured using DXA. Alone or in combination with measures of muscle strength and physical performance, these data may be useful for assessing sarcopenia in the adult population. These data may also have utility in the assessment of muscle wasting in cachexia.
Cutpoints for relative appendicular lean mass equivalent to a T score of -2.0 derived from our young reference samples aged 20-39 years were 6.94 for men and 5.30 kg/ m 2 for women. These values are lower than those derived from a US non-Hispanic white sample of 107 men and 122 women aged 18-40 years for the same lean mass index measured using a Lunar DXA (7.26 and 5.45 kg/m 2 , respectively) [13] . The author of that study stated that the representativeness of the young adult sample was ''not known.'' A cutpoint of 5.4 kg/m 2 for relative appendicular lean mass measured using DXA (Hologic or Lunar) derived from a sample of 216 healthy Danish women aged Table 6 Constant values, regression coefficients, and adjusted coefficients of determination (R 2 ) for linear regression models for absolute total and appendicular lean mass (kg) for men (n = 1,411) and women (n = 960) Data represent univariable associations with (1) age (years), (2) weight (kg), (3) height (centimeters), and (4) multivariable parsimonious models. All regression coefficients are significant at the level of p B 0.001 a c centred; mean age, weight, and height were subtracted from these variables before they were included in regression models (mean age, weight, and height for men and women, respectively, were 55.5 and 51.2 years, 82.0 and 69.4 kg, and 174.8 and 162.3 cm 18-39 years [9] is similar to our cutpoint for randomly selected women. The same study also reported a cutpoint for absolute appendicular lean mass of 14.0 kg for women compared to ours of 13.64 kg. Small differences between cutpoints may be real or a result of the limitations associated with estimating lean mass using DXA, which does not differentiate between skeletal muscle, interstitial fat, skin, and connective tissue. Another study that published cutpoints derived from young adults aged 18-39 years measured skeletal muscle using BIA and expressed it as a percentage of body mass rather than indexing it to height squared [14] . Our cutpoints for absolute and relative total lean mass were 45.58 kg and 15.33 kg/m 2 for men and 31.42 kg and 12.07 kg/m 2 for women. Raw data from which comparable cutpoints may be calculated have been published [6, 8] .
Others have used reference data derived from men aged 24-45 years for fat-free mass (indexed to body surface area) measured using BIA [15] or from premenopausal women and men aged \50 years for various lean mass measures quantified using DXA (Hologic) [16] . Ideally, such reference data should be based on the age range of peak lean mass. A US study measured fat-free mass (indexed to height squared) in men and women aged 18-110 years using DXA (Lunar) and generated quadratic prediction equations that described how lean mass varied across the adult life span; the turning point (maximum) was 23.5 years for men and 48.1 years for women [17] . A study in Italian women showed that absolute total lean mass measured using DXA (Hologic) significantly decreased after 40-49 years [7] . A Swedish study reported that absolute total lean mass measured using DXA (Lunar) decreased from 20 to 29 years (the youngest age group explored) in men and women, except for apparently increasing after 70-79 years in the latter [8] . A study in US non-Hispanic whites, which measured lean mass using DXA (Hologic), showed that the apparent peak in relative total lean mass was 45-54 years for men and 45-49 years for women, while for relative appendicular lean mass it was 40-44 years in both genders [6] . While the peak age for lean mass measures (absolute or relative to height squared) may not be consistent for different geographical regions, this is difficult to fully appreciate as not all studies reviewed derived this value mathematically and some, including this study, report average lean mass values by age group without providing statistical inferences about differences between groups. Despite this, there is some evidence of differences in the distribution of lean mass measures and in the age range of peak lean mass in men and women.
We have shown that the prevalence of relative appendicular lean mass less than a T score of -2.0 in men and women aged C80 years is 16.0 and 6.2 %, respectively. As a small number of elderly women had low appendicular lean mass, any reduction in the sample population may have a large impact on prevalence estimates. A US study that estimated lean mass in its participants using predictive equations and that used cutpoints generated in young adults aged 18-40 years reported that the proportions of populationbased non-Hispanic white men and women aged[80 years with a relative appendicular lean mass T score below -2.0 were 52.6 and 43.2 %, respectively [13] . Another study in the United States, using the same cutpoints, reported similar estimates in its Caucasian sample of male and female volunteers aged[80 years (52.9 and 31.0 %, respectively) [18] . A study in healthy Danish women aged [70 years reported that 12.3 % had a relative appendicular lean mass less than a T score of -2.0 [9] . While these prevalence estimates are at least double those reported in the current study for population-based men and women aged C80, the differences may be explained by cohort effects (the former study was published in 1998 and the latter two studies in 2002) or differences in study population characteristics.
The EWGSOP recognizes ''presarcopenia'' as a state characterized by low muscle mass without the associated attenuation in muscle strength or physical performance that is characteristic of sarcopenia [1] . Notwithstanding the limitations associated with diagnosing sarcopenia without assessing muscle function, these reference data may help to identify early-stage sarcopenia.
We have shown that the relationship between age and absolute total and appendicular lean mass is negative and nonlinear in men and women. This nonlinear relationship is consistent with a study in a multiethnic population of men and women aged 18-110 years in the United States, which measured fat-free mass indexed to height squared using DXA and generated equations specific for each ethnic group explored [17] . In another US study, the agerelated decline in absolute total lean mass in men (23-90 years) and women (21-93 years) was linear [16] ; this was also the case for both absolute total and appendicular lean mass in Danish women of a similar age (18-85 years) [9] .
Our data showed age to be associated with lean mass measures independent of height and weight, supporting longitudinal findings in other studies. In a longitudinal study with an average follow-up period of 5 years, appendicular lean mass decreased in both men and women who did not experience significant changes in height or weight over this time; the decrease in lean mass in men was accompanied by an increase in fat mass [19] . The influence of changes in height and weight on changes in lean mass is marked. We found that height and weight appeared to explain more of the variance in both absolute lean mass measures than age alone, which is consistent with another study that reported that body mass index explained *50 % of the variance in relative appendicular lean mass in men [18] .
More than 99 % of male and female GOS participants self-identified as Caucasian at baseline [11, 12] . Ethnicityspecific prediction equations for fat-free mass indexed to height squared differ significantly [17] , so the validity of reference data may be improved by using homogenous samples. Given the heterogeneity of the Australian Caucasian population, these reference data may be more valid in populations with mixed-European origins. Reference data may need to be developed for different DXA models across different countries and ethnicities.
The EWGSOP recommends the use of ''healthy young adult'' reference data to develop cutpoints for the different domains of sarcopenia [1] , but these guidelines are not consistent with those developed by the World Health Organisation for bone mineral density reference data used in the assessment of osteoporosis, which identify the importance of deriving these data from a randomly selected representative population [20] . The representativeness of our male and female samples is high as individuals used to generate these data were not selected based on their health status. Whether or not our sampling strategy and inclusion criteria lead to biased estimates of sarcopenia or muscle wasting in the population needs to be investigated further.
Despite confirming the validity of cutpoints generated from samples that include individuals with a partially invalid total-body scan using a sensitivity analysis, the representativeness of these data may be affected by our exclusion criteria. As a consequence, these data may not be representative of individuals who weigh C120 kg or of those with bilateral prostheses, including those with objects or devices in the spine, knees, hips, and breasts.
The reference data presented here were developed in population-based samples of men and women randomly selected from a region in southeastern Australia. These data provide information needed to assess lean mass deficits in sarcopenia or cachexia and can be used for these purposes in Caucasian Australians and possibly in similar Caucasian populations of mixed-European origin. More work may be needed to develop similar data for other populations and for other DXA devices.
